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w x
In a fundamental paper, Chiang et al. 1 have shown that cross-phase modula-Ž . Ž . tion XPM in wavelength-division-multiplexed WDM optical transmission systems can be modeled as a phase modulator with inputs from the intensity of copropagating waves. Such inputs are low-pass filtered by the relative channel walk-off induced by chromatic dispersion: the larger the walk-off, the narrower the filter bandwidth. This model nicely explains the weak dependence of XPM on the number of WDM channels, which has already been observed experimentally and by w x w x simulation in 2 . Chiang et al. 1 have extended such a model to cascades of ideally amplified fiber links with dispersion compensation.
This paper provides a time-domain derivation of the theoretical model proposed w x in 1 , leading to an explicit expression of the filter impulse response, both for a single fiber span and for a cascade of amplified links with dispersion compensation.
We find that the expression of the filter phase in 1 is incorrect because of an inconsistency in the use of Fourier transforms.
Having the correct phase expression, we show that such a filter is noncausal when the interfering channel travels faster than the observed channel. In such a case, the phase of the interfering channel at the detector contains information about the future information bits of the observed channel.
We give a graphical interpretation of the filter impulse response in the case of link-by-link dispersion compensation in a cascade of amplified links, so that the periodic forward and backward relative walk-off becomes apparent.
Ž . For the case of intensity-modulation direct-detection IMrDD systems, we provide simulation evidence that the model surprisingly holds even though the assumption of negligible envelope distortion upon which its derivation is based is strongly violated. In other words, we find that the modulation induced on the optical field phase by XPM is nearly independent of the distortion induced on the Ž . intensity of the optical field by group velocity dispersion GVD . This is due to the above-mentioned low-pass filtering effect of chromatic dispersion-induced channel walk-off on XPM.
An an application of the filter impulse response, we give an analytical evaluation of the spectral broadening induced by XPM in multi-span compensated systems.
The paper is organized as follows. Section II provides the derivation of the filter impulse response for a single link, while Section III extends it to the general case of dispersion-compensated cascades of amplified fiber links. Section IV presents simulation results providing evidence that the model holds even in the presence of strong intensity distortion due to group velocity dispersion. Section V shows simulation and theoretical results on spectral broadening induced by XPM. Finally, Section VI concludes the paper.
II. SINGLE SPAN
We consider a WDM system composed of one span of single-mode optical fiber, with N copropagating channels having the same polarization.
The nonlinear Schrodinger equation describing the propagation along the z axis Ž . w x of the complex envelope A z, t of the generic channel s, s s 1, . . . , N, is 3 
p/s Ž . The above variable change has a physical meaning: integrating in 3 in the space Ž . domain is equivalent to integrating in the time domain that part of the A 0, t p Ž . interfering signal which crosses the reference signal A 0, t during the propagas tion over the distance z. The relative walk-off between the s and the p channels is w x d srm , so that the integral in the time domain has to be extended over a
In 4 we recognize the convolution integral
Ž . response of a linear filter h t , which, for both d ) 0 and d -0, is given by
Ž . Ž .
< < where we have used the rectangular function Ł J 1 for t -r2, and zero outside.
Ž . In Fig. 1 w x Ž . Second, there is an inconsistency in 1 : the authors start with a version of Eq. 1 w x derived according to the physicists' notation for Fourier transforms 4 , and later w Ž .x they use 1, Eq. 16 the engineer's notation, as we do here. This is why our Ž . expression for in 9 matches with their . However, in the physicists' notation, the correct expression is y.
Ž . From 8 we immediately get the 3-dB bandwidth B when the fiber length z is w 2 Ž . long. In such case the sin can be neglected and by inspection we see that < < B s ␣r d . In the limit d ª ϱ only the DC power component is passed by the w s p s p filter, so that no XPM is observed. and give a lower contribution to XPM. This justifies the experimental observation w x 2 that XPM does not increase linearly with the number of channels N.
III. CASCADE OF AMPLIFIED LINKS
In this section we analyze XPM in the general case of a system composed of M y 1 amplifiers, and M links, as in Fig. 3 . We suppose that the mth amplifier has gain G Ž m. at the pth wavelength, so that the channel power, after the mth
, t e G , where ␣ and l are the atten- The total fiber length is L s L .
M
Ž . Since, as seen in 3 , XPM is given as an integral over the link span, by the linearity of the integral the total XPM at the end of the link can be written as 
Ž . In Fig. 4 we show a block diagram implementing 14 . The equivalent filter for channel p is indeed a parallel bank of filters.
For example, consider the simplified case C Ž j. s 1, ᭙ j, i.e., the gain G Ž j. of the p p Ž . jth amplifier exactly compensates the loss of the preceding j y 1 st fiber link. Suppose furthermore that the links have the same length, attenuation, and walk-off Ž . Equation 14 is extremely general. It can be used for any type of multistage system, with any amplifier gain profile, with any kind of compensating scheme.
Ž . In Fig. 3 we show an example of h t in the case of a noncompensated system, s p composed of M identical links, when the amplifiers exactly compensate the fiber loss. The overall impulse response is just the sum of the M shifted copies of the Ž . basic filter 6 .
In Fig. 5 we show the case of a compensated system with imperfect compensation, composed of M s 4 identical spans of transmission fiber, each followed by a span of compensating fiber of opposite dispersion and an amplifier to exactly recover the span loss. The figure shows the individual contributions of each fiber segment to the overall impulse response. As opposed to Fig. 3 , note that here the Ž . identical contributions of the transmission fibers are partially overlapping, because of the backward relative walk-off achieved by the compensating fibers, which brings the s and p channels back aligned, although not exactly. In this example the responses of the compensating fibers are noncausal. The compensating fibers, when placed at the end of each transmission span, give typically only a small Ž . contribution to the overall filter response h t and thus can be safely neglected.
s p
In the case of a perfectly compensated M-span system, neglecting the contribution Ž1.
Ž .
Ž . of the compensating fibers at each link, we obtain h t , Mh t , so that the s p s p XPM effect is M times larger than that of a single link.
FIG. 5.
Individual fiber contributions to the overall impulse response of an imperfectly compensated system. The overall response is the sum of those shown.
IV. SIMULATIONS
We wanted to check how sensitive the results of the present model are when the underlying assumption of undistorted field envelopes used to derive the model is violated.
In Figs. 6 and 7 we show the results of computer simulations, performed by the w x split-step Fourier method 4 .
Simulations are carried out for a multi-span WDM system, with 10 spans, 2 channels, and 3 mW peak power per channel, of the compensated type depicted in Ž . Ž . Fig. 5 . One of the channels pump is on᎐off keying OOK modulated with raised Ž . cosine pulses with roll-off 0.5, at a bit rate R s 10 Gbrs, while the other probe is unmodulated. Figure 6 refers to a system in which at each span the transmission fiber is a Ž . nonzero dispersion fiber NZDF , with dispersion D s y2 psrnmrkm and length Ž . l s 85 km, and a standard single-mode fiber SMF with D s 17 psrnmrkm and l s 10 km is used for span compensation. Other parameters common to the two fibers are dispersion slope DЈ s 0.07 psrkmrnm 2 , nonlinear coefficient ␥ s 2.34 W y1 km y1 , attenuation ␣ s 0.21 dBrkm. Ž . dBrkm, and a dispersion compensating fiber DCF with l s 13.6 km, D s y95 psrnmrkm, DЈ s 0.07 psrkmrnm 2 , ␥ s 5 W y1 km y1 , ␣ s 0.6 dBrkm, is used for compensation.
In both figures, the wavelength of exact compensation is halfway between Ž . channels. The figures show both the power of the pump top and the phase of the Ž . probe bottom at the end of the system. The pattern ''1101111'' is visible in the pump intensity. In the phase plots, the theoretical predictions of the model, Ž . obtained by 14 , are shown in bold dashed lines. The right column refers to a system with channel spacing ⌬ s 1 nm, while the left column refers to a system with ⌬ s 0.1 nm. In both cases, the pump intensity distortion induced by GVD is quite evident. For the 1 nm spacing case, the match between theory and simulations is excellent. This is due to the low-pass filtering effect connected to GVD-induced channel walk-off.
For example, in Fig. 6 for 1-nm spacing the XPM filter bandwidth, as seen from Fig. 2, is B s 3. 85 GHz, which is enough to mildly smooth out in the probe phase w the original 10 Gbrs NRZ pump modulation and to substantially filter away from Ž . the modulating intensity the GVD-induced high-speed phase-to-intensity PMrIM fluctuations.
1 c ' w x In fact, the peak frequencies of the PMrIM spectrum are 7 f s n ,
where c is the speed of light and n s 1, 2, . . . . In our case, the lowest peak is at f s 19 GHz.
p
The 0.1-nm spacing case was selected to show how small the walk-off should be for the low-pass filtering not to be effective, although our simulations take into account only SPM and XPM, and not FWM, which in this case may be the dominant impairment.
For example, in Fig. 6 for 0.1-nm spacing the XPM filter bandwidth is 10 times larger than before, B s 38.5 GHz, so that the NRZ probe modulation is passed w with little distortion, while the high-speed PMrIM fluctuations are a little less suppressed than in the previous case.
In Fig. 7 we first note that the shape of the phase is reversed, since in the SMF-compensated case the sign of dispersion and thus of walk-off is reversed. The conclusions we reach about the effectiveness of filtering are similar, although the discrepancy between model and simulation is larger. This seems at first sight surprising, since the walk-off in the transmission fiber is larger with a dispersion of 17 psrnmrkm.
However, although the filtering is better, the intensity fluctuations due to PMrIM conversion at the time points perturbated by XPM and SPM have substantial frequency components below 10 Gbrs. In this case in fact we get the lowest PMrIM peak at f s 7 GHz. Such components are not filtered by walk-off p and account for the larger error in the model.
V. APPLICATIONSŽ
.
Ž . The explicit expression 14 of the impulse response h t is fundamental to s p analytically evaluating the transmission impairments induced by XPM in multi-span Ž . systems. Here, we use 14 to give an evaluation of the spectral broadening due to XPM in multi-span compensated systems.
Ž .Ž . Suppose A 0, t p s 1, . . . , N is an OOKrNRZ modulated signal, of the form Ž . The power spectrum, i.e., the Fourier transform of 17 , has been compared with computer simulations. Figure 8 shows the results for an 8-channel NZDF-compensated system with M s 5 spans. The system parameters are those of section IV. The only differences are the bit rate R s 2.5 Gbrs, and the channel spacing ⌬ s 0.4 nm. In the figure both the simulated and the analytically calculated power spectrum of the 4th channel are plotted, together with the input OOK spectrum. We can note a very good match between the simulation results and the analytical ones.
VI. CONCLUSIONS
In future high-speed IMrDD WDM transmission systems with appropriate dispersion management, after FWM has been properly suppressed, the main cause of eye closure and thus of system degradation will be the two remaining nonlinear Kerr effects, SPM and XPM.
It is thus important to be able to accurately predict XPM, in order to estimate its local perturbation of the compensation of dispersion, which gives rise to the residual intensity distortion and thus eye closure. This paper has given a time-domain derivation of the very important model for w x XPM presented in 1 . A simple and very general expression for the impulse response of the XPM filters in the model has been presented. While such filters are obtained in the assumption of undistorted field intensities on all channels, simulation results show that the model still accurately predicts the XPM even in the presence of strong intensity distortion.
This unobvious result implies that the modulation induced on the optical field phase by XPM is nearly independent of the distortion induced on the intensity of the optical field by group velocity dispersion. This is true in the cases shown here, bit rate 10 Gbrs and wavelength spacing larger than 0.1 nm, M s 10 spans of about 90 km each, for both an NZDF and an SMF compensated system.
The model clearly holds for higher bit rates, as the XPM filter bandwidth is independent of the bit rate. For the same systems at a lower rate, we have to increase the number of spans to much larger M to observe a comparable distortion on the intensity. However the phase error between theory and simulation should remain small as in the 10 Gbrs case, since the rapid fluctuations due to PMrIM conversion get filtered as effectively as in the 10 Gbrs case.
Finally, as an application of the theory, we have shown that the spectral broadening induced by XPM can be accurately predicted.
